, 2004). Swi6 is also negatively
In parallel, we performed a systematic genetic screen regulated by phosphorylation in response to DNA damfor inhibitors of SBF-dependent transcription. A cln3⌬ age in G1 phase, which delays cells prior to Start (Sidorhis3⌬ SCB::HIS3 strain, which is a histidine auxotroph ova and . The lack of direct connection because of the SBF defect caused by the absence of between Cln3-Cdc28 and SBF/MBF has led to the sug-CLN3, was mated to 4812 viable gene deletion strains gestion that an unidentified intermediary factor may reusing synthetic genetic array (SGA) methodology (Tong spond to Cln3-Cdc28 activation (Cosma et al., 2001; ). After haploid selection, deletion mutants Wijnen et al., 2002) .
that express sufficient levels of HIS3 to confer viability Start does not occur until cells have passed a critical were isolated by pinning the array onto medium concell size threshold, as modulated by nutrient conditions: taining 30 mM 3-aminotriazole (3Ј-AT), a competitive in rich medium, cells pass Start at a large critical cell size, inhibitor of the imidazoleglycerol-phosphate dehydrawhile, under conditions of nitrogen or carbon source tase enzyme encoded by HIS3. Two mutants grew vigorlimitation, cells pass Start at a small cell size (Johnston ously: one in which the WHI5 ORF (YOR083w) is deleted et al., 1979). Small cell size mutants, referred to as whisand one in which an overlapping putative ORF, key (whi) mutants, have proven informative because YOR082w, is deleted ( Figure 2A) . A number of other such mutations by definition accelerate commitment to weakly 3Ј-AT-resistant deletion strains were recovered division. For example, the WHI1-1 mutation encodes a in the screen, but these were not analyzed further (see hypermorphic form of Cln3 (Nash et al., 1988) , while
Supplemental Table S1 at Cell web site Figure 2C ). Despite this G1 delay, overexpression of WHI5 was not lethal, suggesting that the normal processes that activate Start are able to overcome excess Whi5 ( Figure 2D ). We therefore tested whether a strain genetically compromised for Start was susceptible to increased WHI5 dosage. Induction of GAL1-WHI5 in a cln3⌬ strain caused a uniform arrest as large unbudded cells with 1N DNA content ( Figures 2C and 2D ). Expression of GAL1-WHI5 was also lethal in swi6⌬ and cdc28-4 strains and severely retarded growth of a cln1⌬ cln2⌬ strain but had little effect on a swi4⌬ or a bck2⌬ strain ( Figure 2D and data not shown). Cells that lack both known upstream activators of G1/S transcription, CLN3 and BCK2, permanently arrest at Start (Wijnen and Futcher, 1999) . To test whether deletion of WHI5 might overcome this defect, we compared the ability of cln3⌬ bck2⌬ and cln3⌬ bck2⌬ whi5⌬ strains that conditionally express a GAL1-CLN3 construct to grow on glucose medium, which represses the GAL1 promoter. Quite remarkably, the cln3⌬ bck2⌬ whi5⌬ triple mutant was viable and grew as vigorously as a wild-type strain ( Figure 2E ).
WHI5 Size Epistasis
We characterized genetic interactions between WHI5 and known Start regulators by size epistasis ( Figure 3A) . The large cell size of a swi6⌬ mutant is epistatic to the small cell size of a whi5⌬ mutant, as shown previously for the swi4⌬ whi5⌬ double mutant (Jorgensen et al., 2002). Conversely, the small size of whi5⌬ mutant was partially epistatic to the large size of a cln3⌬ mutant and equal to the small size phenotype conferred by a CLN3-1 mutation. The pathway may thus be ordered CLN3-WHI5-SWI4/SWI6 with respect to cell size. However, because overexpression of CLN3-1 was able to drive whi5⌬ cells to an even smaller size, we infer the existence of at least one additional redundant pathway that (consortium), and swi6⌬ (consortium) strains bearing either GAL1-WHI5 FLAG (ϩ, pMT3586) or empty vector (Ϫ, p425) were spotted in serial 10-fold dilutions on galactose medium and incubated for 48 hr at 30ЊC. (E) Deletion of WHI5 restores viability to a cln3⌬ bck2⌬ strain. A whi5⌬/WHI5 cln3⌬/CLN3 bck2⌬/BCK2 diploid strain bearing a GAL1-CLN3-URA3 plasmid (pMT41) was generated by crossing two haploid strains (MTY2646 with pMT41 to MTY2125) and subsequent dissection on galactose medium to induce GAL1-CLN3 expression. cln3⌬ bck2⌬ and whi5⌬ cln3⌬ bck2⌬ spore clones were streaked on either Ura Ϫ galactose or 5-FOA glucose medium and incubated at 30ЊC for 48 hr. prior to elutriation. In wild-type cells, a peak in transcriptype and whi5⌬ cultures released synchronously into the cell cycle from a G1 phase arrest imposed by mating tion of the SBF-regulated gene CLN2 and the MBFregulated gene RNR1 was observed at 27 fl, coincident pheromone. Although a whi5⌬ strain is more resistant to mating pheromone than wild-type (Jorgensen et al., with the onset of bud emergence and DNA replication. In contrast, CLN2 and RNR1 expression was evident 2002), the strain arrested uniformly in response to high concentrations of pheromone ( Figure 4B ). After release even in the initial 11 fl culture of the whi5⌬ strain, with a peak at 17 fl, consistent with the earlier onset of bud from the block, the whi5⌬ culture exhibited only a slight acceleration of CLN2 expression compared to wild-type emergence and DNA replication ( Figure 4A ). Similar results were obtained when CLN2 and RNR1 expression cells. The similar timing of G1/S transcription in wildtype and whi5⌬ strains in this context was attributable was examined in a series of size fractions obtained by elutriation of a log phase whi5⌬ culture (Supplemental to continued growth in the pheromone block, such that both wild-type and whi5⌬ strains exceed the size thresh- Figure S2 ). Accelerated G1/S transcription might arise as a conold at the point of release. That is, elimination of Whi5 was not rate limiting in the wild-type strain under this sequence of complete derepression of SBF-and MBFdependent genes. To test this possibility, we examined circumstance. Significantly, CLN2 and RNR1 exhibited the same periodic expression in the whi5⌬ strain as in the periodicity of CLN2 and RNR1 expression in wild- Figure 4F ). As expected, capture of Swi4 FLAG -Swi6 on anti-FLAG resin specifically recovered restricindirectly. To test this model, we examined the interaction between Whi5 and a synthetic promoter that contion fragments that contained the SCB elements, while capture of Whi5 GST alone on GST resin did not recover tains four copies of the consensus SCB element (CAC GAAA) by chromatin immunoprecipitation ( Figure 4C) . any DNA fragments. However, capture of Whi5 GST in the presence of SBF fully recapitulated the pattern of fragTo facilitate detection, the SCB promoter was borne on a high-copy plasmid, and a WHI5 FLAG allele was overexments recovered with SBF. To determine if Whi5 also binds to MBF, an analogous experiment was performed pressed from the GAL1 promoter. An otherwise identical promoter construct lacking SCB elements, called ⌬SS, with recombinant MBF and a MCB-containing plasmid. Whi5 associated with promoter fragments in the preswas used as a control. The SCB-containing promoter but not the ⌬SS promoter was recovered in Whi5 Figure 5C ).
To verify cell cycle-dependent nuclear relocalization mal CDK consensus sites (Whi5
12AGST
) was phosphorylated to any appreciable extent. Whi5 is thus a promiscuof Whi5 in an unperturbed state, we followed Whi5 GFP subcellular location in a single dividing cell ( Figure 5D ). ous substrate of cyclin-CDK activity in vitro. Whi5 first appeared in both the mother and daughter cells in late mitosis, presumably after activation of the Phosphorylation Controls Whi5 Nuclear mitotic exit network had eliminated CDK activity. Whi5
Localization and the Whi5-SBF Interaction was exported from the mother cell nucleus approxi-
To show that nuclear exclusion was due to phosphorylamately 20 min before bud emergence. A similar differention of Whi5 itself as opposed to indirect effects on tial in the timing of Whi5 export and bud emergence nuclear transport (Makhnevych et al., 2003), we introoccurred in the daughter cell (data not shown). The timduced an allele that lacks all six C-terminal CDK sites ing of Whi5 import/export was benchmarked against (WHI5

6A
) at the endogenous WHI5 locus. This region, Sic1, which appears in the nucleus shortly after mitotic including the six CDK sites, is conserved in a similar exit and is then degraded at Start (Nash et al., 2001a) part to release of a small fraction of Swi6 from the FLAG resin. The released Swi6 migrated more slowly than the remaining bound Swi6, suggesting that phosphorylated Swi6 may be preferentially released from Swi4. To determine whether phosphorylation of Whi5 was necessary for CDK-mediated disassembly of the Whi5-SBF complex, we repeated the same experiment with nonphosphorylatable Whi5
12AGST
. Cln2-Cdc28 was indeed still able to dissociate a substantial fraction of Whi5 12A from SBF ( Figure 6F ). In toto, these results implicate CDKdependent phosphorylation in control of both Whi5 nuclear localization and Whi5-SBF interactions.
To test the potential role of redundant phosphorylation on Whi5 and SBF or MBF, we introduced a plasmid expressing WHI5
12A from the inducible GAL1 promoter into a strain harboring a version of Swi6 that lacks four CDK phosphorylation sites (Sidorova et al., 1995) . As in the WHI5 6A mutant, or strains that overexpress wild-type WHI5, overexpression of the WHI5 12A mutant allele in wild-type cells caused a minimal phenotype. However, coexpression of both WHI5 12A and SWI6 SA4 mutant alleles caused a dramatic growth defect ( Figure 6G ). Taken together with the inferred redundancy of Whi5 and SBF phosphorylation in vitro, the genetic interaction between these WHI5 and SWI6 alleles suggests that supernumerary phosphorylation events liberate G1 transcription factor complexes from Whi5.
Discussion
Whi5 Inhibits SBF/MBF
The means by which Cln3-Cdc28 activates G1/S tran- a cln3⌬ strain and bypasses the requirement for CLN3 in the absence of BCK2; (3) WHI5 is genetically downstream of CLN3 and upstream of SWI4 and SWI6 with respect to size epistasis; (4) G1/S transcription is accelmachinery just prior to transcriptional activation (Figure 7A) . erated in the absence of WHI5; (5) Whi5 binds to SCB and MCB promoter elements in vivo and in vitro and Previous work has hinted at the existence of a negative regulator of G1/S transcription that targets Swi6 to endogenous SBF-regulated promoters; (6) Whi5 is associated with a CDC28-dependent kinase activity (Breeden, 1996 
, unpublished data). tion events needed for activation of G1/S transcription
The dual control of Whi5 by CDK activity is reminiscent and provided that CDK-dependent phosphorylation is of the transcription factor Pho4, which is subject to distributive, the overall forward reaction is predicted to phosphorylation-dependent regulation by the CDK enexhibit ultrasensitivity with respect to kinase concentrazyme Pho85 at both the level of nuclear export/import tion, thereby rendering the onset of transcription more and protein interactions at the promoter (Komeili and switch-like (Ferrell, 1996) 
